Cancer is a major public health issue around the world ([@bib19]). According to recent surveys, cancer is now the leading cause of death in China where it is estimated that 4 292 000 new cancer cases and 2 814 000 cancer deaths have occurred in 2015 ([@bib8]).

Owing to the lack of perceivable symptoms in the early stages of tumorigenesis, most cancer patients are diagnosed in the late/distant stages resulting in low survival rates ([@bib5]). However, many solid tumours are potentially curable if diagnosed at an earlier stage when the tumour can be completely removed by surgical means. Unfortunately, efforts at early detection methods, such as imaging technologies or serum soluble protein tumour markers, have failed to provide any significant reduction in cancer mortality rates. Thus, there is a need to develop improved methods that can aid in the early detection of cancer.

One approach to early detection is the discovery of biomarkers that can both identify patients with cancer and assist in appropriate staging. Circulating autoantibodies to tumour-associated antigens (TAAs) represent one class of potentially useful biomarkers. This is so because increased levels of the autoantibodies are found in very early cancer stages ([@bib34]), while low incidences of the autoantibodies occur in healthy individuals ([@bib28]).

Over the past few decades, a number of different TAAs have been investigated ([@bib28]; [@bib33]). However, in these studies, positive frequency of autoantibody detection in cancer patients has been relatively low, with a frequency range from 0 to 69% and a 14% median ([@bib28]).

It has been reported that a TAA with a molecular weight of 10 kDa called malignin was isolated by using an ion exchange chromatography with stepwise gradient elution ([@bib2]). The detection of antimalignin autoantibodies was reported to be 97% sensitive and 95% specific for certain malignancies ([@bib3]; [@bib4]; [@bib1]).

In the present study, we report on a novel TAA that was unexpectedly discovered when we tried to isolate malignin by using a similar chromatography method. We identified the novel TAA as a protein fragment derived from human DNA-topoiomerase 1 (TOP1). We found that the novel TAA induced autoantibodies with a high prevalence that ranged from 58 to 72% in some of the most common types of cancer. Moreover, the autoantibody against the novel TAA was shown to be associated with early stage oesophageal squamous cell carcinoma (ESCC), gastric cancer (GC), colorectal cancer (CRC) and non-small-cell lung cancer (NSCLC).

Materials and methods
=====================

Ion exchange chromatography
---------------------------

To prepare cell/tissue lysates, cancer cell lines were propagated in RPMI medium 1640 supplemented with 10% FBS, 50 U ml^−1^ penicillin and 50 *μ*g ml^−1^ streptomycin. The cells were then washed with ice cold phosphate-buffered saline (PBS) and lysed on ice in 50 m[M]{.smallcaps} Tris (pH=7.5 at 25 °C), 150 m[M]{.smallcaps} NaCl, 1% Triton X-100 and proteolytic inhibitors, including aprotinin (1 *μ*g ml^−1^), leupeptin (1 *μ*g ml^−1^), pepstatin (1 *μ*g ml^−1^) and phenylmethylsulphonyl fluoride (50 *μ*g ml^−1^). For cancer tissue lysates, the tissues were washed several times with 0.9% sodium chloride to remove traces of blood and then minced. This was followed by homogenisation in the same lysate buffer as above with a homogeniser (IKA Ultra-Turrax T25, Stockholm, Sweden). The lysates were centrifuged at 10 000 r.p.m. for 20 min twice. Supernatant was collected through a syringe fitted with a 0.45-*μ*m filter.

A Q-Sephadex anion-exchange fast flow resin (Sigma, St Louis, MO, USA) was used to separate proteins in the lysates. The lysates were first adsorbed on the resin, washed with 0.01 [M]{.smallcaps} PBS at pH 7.0 and then eluted by stepwise PBS with a gradient of phosphate concentrations and pH (pH ranged from 4.7 to 4.1 and phosphate concentrations ranged from 0.01 to 1 [M]{.smallcaps}) as well as a 1 [M]{.smallcaps} phosphoric acid solution (pH=1). Fractions of the lysates were collected every 3 ml, and protein concentrations in each of the fractions were determined by a Bio-Rad protein assay-dye reagent kit (Bio-Rad Laboratories, Hercules, CA, USA).

Antibody capture enzyme-linked immunosorbent assay (antibody capture ELISA)
---------------------------------------------------------------------------

Purified proteins from the ion exchange chromatography or purified recombinant proteins from an Ni sepharose fast flow affinity chromatography (GE, Fairfield, CT, USA) were coated on 96-well microtiter plates (Thermo Labs Systems, Franklin, MA, USA) in 50 *μ*l per well in bicarbonate/carbonate coating buffer (100 m[M]{.smallcaps}, pH=9.6). These were left overnight at 4 °C and un-reacted sites were blocked with a 5% skim milk solution for 4 h at room temperature. Serum samples from cancer patients, healthy donors acting as controls, patients with benign tumours or patients tested positive for different autoantibodies associated with autoimmune diseases were diluted at 1 : 100 in PBS. Additionally, a specific rabbit polyclone antibody against the novel TAA (see [Supplementary Materials S1](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}) or anti-SCL-70 autoantibodies (Meridian Life Science Inc., Memphis, TN, USA) were diluted to different concentrations in PBS. The diluted serum samples or antibodies were then added to the wells (50 *μ*l per well) and incubated for 1 h at room temperature. Next, four washes with PBS containing 0.1% Tween-20 were performed followed by incubation with 50 *μ*l horseradish peroxidase (HRP)-conjugated rabbit anti-human IgG or HRP-conjugated goat anti-rabbit antibody (Sigma) diluted at 1 : 5000 or 1 : 1000 in PBS for another 1 h at room temperature. Unbound antibodies were removed after four washes. Colour was developed by the addition of 100 *μ*l tetramethylbenzidine solution (Sigma) for 10 min at room temperature and stopped by the addition of 100 *μ*l of 1 [M]{.smallcaps} HCl. The absorbance was read on a micotiter reader (Bio-TEK Instruments, Winooki, VT, USA) at 450/630 nm.

Western blot analysis
---------------------

To obtain serum immunoblots of the cancer patients, the fractions of the lysates from the ion exchange chromatography were first separated by electrophoresis on 12% SDS--polyacrylamine gel (SDS--PAGE), and then electrctroblotted to polyvinylidene fluoride (PVDF) membranes (Invitrogen, Carlsbad, CA, USA) at 100 mA for 1 h at room temperature. The PVDF membranes were blocked with 5% milk in PBS, pH 7.4 and incubated with a 1 : 20 serum pool from the cancer patients overnight at 4 °C. Afterward, the PVDF membranes were washed and incubated with a 1 : 1000 dilution of HRP-conjugated rabbit anti-human IgG for 1 h at room temperature. After a further four times washing, binding of the primary antibody was revealed by using a 3.3′ diaminobenzidine (DAB) substrate kit (Thermo Labs Systems) in accordance with the manufacturer\'s instructions.

To obtain the immunoblot with the rabbit polyclonal antibody against the novel TAA or the anti-SCL-70 autoantibodies (Meridian Life Science), the recombinant human TOP1 fragments were separated on the SDS--PAGE and electroblotted to the PVDF membranes as described above. Western blot analyses were performed with 1 : 100 diluted anti-novel TAA or anti-SCL-70 autoantibodies and HRP conjugated goat anti-rabbit IgG (Sigma) or HRP-conjugated rabbit anti-human IgG. Antigen--antibody complexes were visualised using the DAB substrate kit as described above.

Immnohistochemistry and immunofluorescent staining
--------------------------------------------------

For immunohistochemistry, 4-*μ*m-thick sections of the paraffin-embedded tissue blocks were cut and mounted on poly-lysine-coated slides. The slides were dewaxed in xylene and rehydrated through a graded series of ethanol. After deparaffinisation, antigen retrieval treatment was performed for 5 min at 120 °C (autoclave) in a 10 nmol l^−1^ sodium citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked by using a 0.03% hydrogen peroxide solution containing sodium azide for 30 min at room temperature. Next, the rabbit polyclonal antibody against the novel TAA diluted at 1 : 100 was incubated overnight at 4 °C. This was followed by a thorough washing in a 0.01 [M]{.smallcaps} PBS solution. Subsequently, binding sites of the primary antibody were visualised by using a Dako EnVison Kit (Dako, Glostrup, Denmark) in accordance with the manufacturer\'s instructions. Finally, sections were faintly counterstained with haematoxylin and mounted with glycerol gelatin. Negative controls were obtained by replacing the primary antibody with normal rabbit serum, or by pre-incubating the rabbit antibody with 30 *μ*g ml^−1^ of the chromatographically purified novel TAA before tissue staining.

For immunofluorescent staining, the cells were washed with PBS and fixed with 4% ice-cold paraformaldehyde for 10 min. Following three washes with PBS, the fixed cells were incubated for 1 h at room temperature with the rabbit polyclonal antibody against the novel TAA in an antibody dilution solution (Dako). After incubation with the primary antibodies and washing three times with PBS, the cells were incubated with FITC-conjugated goat anti-rabbit antibodies (Sc2012; Santa Cruz Biotechnology Inc., Dallas, TX, USA) diluted at 1 : 1000 in PBS-3% (w/v) BSA for 1 h at room temperature. Following another three times washing with PBS, the nuclei were stained with DAPI, and visualised under a fluorescence microscope (Leica M205 FA; Leica Microsystems, Wetzlar, Germany). Negative controls were prepared by the omission of the primary antibodies with no fluorescent signals being detected.

Cloning, expression and purification of recombinant TOP1 protein fragments
--------------------------------------------------------------------------

Four fragments of human TOP1 mRNA were amplified by using RT--PCR (see [Supplementary Material S2 and Supplementary Material Table S1](#sup1){ref-type="supplementary-material"})) and directionally cloned into PQE 30 UA expression vectors (Qiagen, Hilden, Germany). Recombinant proteins were expressed in *Escherichia coli* M15 cells (Qiagen) and purified by using the Ni sepharose fast flow affinity chromatography (see [Supplement Materials S2](#sup1){ref-type="supplementary-material"} in detail and [Supplementary Figure S2a](#sup1){ref-type="supplementary-material"}).

Study population and samples
----------------------------

A total of 764 healthy donors, 628 cancer patients with various types of carcinoma and 63 patients with benign tumours were involved in the study to demonstrate the novel TAA. The subject demographics are shown in [Supplementary Materials S3](#sup1){ref-type="supplementary-material"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

A total of 375 cancer patients with ESCC (*N*=107), GC (*N*=54), CRC (*N*=87) and NSCLC (*N*=127), diagnosed and treated at three hospitals located in Chengdu, Sichuan, PR China, were involved in the study of the association of the autoantibodies with early-stage carcinoma. The patients comprised 273 males and 102 females with a median age of 58 years old (range 26--86 years). Of the cancer patients, 55 ESCC, 47 CRC, 29 GC and 71 NSCLC patients were found to be in the early stages (I/II) of cancer, while 52 ESCC, 40 CRC, 25 GC and 56 NSCLC patients suffered from late stages (III/IV) of cancer. None of the cancer patients had any preoperative chemotherapy or radiotherapy before testing. Three hundred and seventy-five age- and gender-matched healthy volunteers, who were confirmed to be cancer-free through clinical imaging and laboratory examinations, were used as controls in the study (see [Supplementary Materials S3](#sup1){ref-type="supplementary-material"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Following informed consent, blood samples were collected into collection tubes (see [Supplementary Materials S4](#sup1){ref-type="supplementary-material"}). After centrifugation for 10 min at 250 *g* and 4 °C to obtain serum, the serum samples were stored at −80 °C until analysis. The study was approved and monitored by the ethics committee at each of the three hospitals (see [Supplementary Materials S4](#sup1){ref-type="supplementary-material"}).

Statistical analysis
--------------------

Statistical analysis was performed by using the SPSS software package (14th Edition, Abacus Concepts, Berkeley, CA, USA). We compared the differences in the levels of the autoantibodies between the healthy controls and cancer patients, as well as between the healthy controls and early- and late-stages of cancer by using a standard nonparametric Mann--Whitney *U*- test. We used the Pearson *χ*^2^ test to determine statistical significance between early- and late-stage diseases. We assessed the feasibility of using the autoantibodies as a diagnostic tool for differentiating between malignant cases and healthy controls by using a receiver-operating characteristic (ROC) curve analysis. *P\<*0.05 was considered to be significant.

Results
=======

Discovery of novel TAA
----------------------

Initially, we used the ion exchange chromatography approach with the stepwise gradient elution, as reported by[@bib2], to try to isolate malignin from three human breast cancer cell line MCF-7, MDA-MB-435 and MDA-MB-231 and various human carcinoma tissues. All elution profiles were similar among the different lysates of cell lines and carcinoma tissues ([Figure 1A](#fig1){ref-type="fig"}). We then used the antibody capture ELISA coated with proteins from the different lysate fractions to detect the immune reactivity in serum pools from cancer patients or healthy donors. The cancer serum pool contained 30 neat serum samples from various common types of carcinoma at different stages, including NSCLC, GC, CRC, ESCC and breast carcinoma (BC). What we found was a significantly higher immune reactivity in the serum pool of the cancer patients with the coated proteins in the fraction of the seventh stepwise elution in all of the tested cell lines and carcinoma tissues when compared with the serum pool of the health donors ([Figure 1B](#fig1){ref-type="fig"}).

At first, we thought we had isolated malignin from the cancer cells/tissues by using the ion exchange chromatography. However, unexpectedly, we found that the molecular size of the isolated protein was approximately 48 kDa instead of the reported 10 kDa when we tried to verify the protein by using western blot with the serum pool of the cancer patients ([Figure 1C](#fig1){ref-type="fig"}). As such, we hypothesised that the isolated protein was not malignin but another type of TAA.

Identification of novel TAA
---------------------------

To test and verify our hypothesis, we first needed to determine whether the isolated protein was a tumour antigen *per se*, even though it reacted with antibodies in the serum pool of the cancer patients. To this end, we used the antibody capture ELISA coated with the chromatographically purified protein to measure individual serum samples including 764 healthy donors, 628 cancer patients with various types of carcinoma and 63 patients with benign tumours (see [Supplement Materials S3](#sup1){ref-type="supplementary-material"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). None of the subjects suffered from any autoimmune disorders, which was confirmed by clinical and laboratory examinations. We found that the immune reactivity in the samples from the cancer patients with various types of carcinomas was significantly higher when compared with those from the healthy donors and patients with benign tumours (all *P*\<0.01; [Figure 2A](#fig2){ref-type="fig"}). Further, when the mean reactive value (OD 450/640 nm) of the health donors plus 2 s.d. was taken as a cutoff point, the positive prevalence of immune reactivity ranged from 58% to 72% depending on the type of carcinoma ([Figure 2B](#fig2){ref-type="fig"}). Accordingly, this showed that the isolated protein could be a novel TAA that can induce a high frequency of immune response in various types of carcinoma.

It has been reported that many identified TAAs were derived mostly from cytoplasmic proteins followed by nucleoproteins, membrane-bound proteins and extracellular proteins ([@bib28]). As such, we examined the cellular location of the novel TAA by using immnohistochemistry and immunofluorescent staining with the rabbit polyclonal antibody. Development of the antibody and its specificity as well as identicalness with the antigen-specific autoantibodies in the cancer patient was demonstrated by using western blot and immune-precipitation/western blot (see [Supplement Materials S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S1b and c](#sup1){ref-type="supplementary-material"}). The results showed that the novel TAA was predominately expressed in the nucleus of all the types of cancer cells we examined ([Figure 3](#fig3){ref-type="fig"}). This suggested that in addition to having a different molecular size than malignin, the novel TAA was a nuclear antigen, and thus different from malignin that was stained in cytoplasmic and membranes of a variety of human cancer cells by anti-malignin antibody with immunofluorescence ([@bib3], [@bib4]).

Moreover, to demonstrate that the novel TAA was not associated with autoimmune diseases, we screened a number of autoantibody-positive serums from patients with autoimmune diseases by using the antibody capture ELISA coated with the novel TAA. As expected, the novel TAA did not react with the autoantibodies in the autoimmune disease serum samples except in the serum samples belonging to the cancer patients ([Figure 4A](#fig4){ref-type="fig"}). However, unexpectedly again, we found that the novel TAA reacted with anti-extractable nuclear antibodies (ENAs).

Since ENAs are made up of a group of autoantibodies against autoantigens including ribonucleoproteins (RNP) and non-histone proteins, such as Sm, Jo1, SS-A, SS-B and SCL-70 ([@bib9]), we further tested which specific anti-ENA antibody reacted to the novel TAA by using commercially available purified human ENAs (Meridian Life Science Inc.). [Figure 4B](#fig4){ref-type="fig"} shows that the novel TAA reacted with anti-SCL-70 autoantibodies but not others. Furthermore, we found that high concentrations of the anti-SCL-70 autoantibodies would compete with the binding of the rabbit antibody to the novel TAA ([Figure 4C](#fig4){ref-type="fig"}).

Anti-SCL-70 autoantibodies are linked to scleroderma, which is a chronic autoimmune rheumatic disease ([@bib14]; [@bib12]). The antigenic target of the anti-SCL-70 autoantibodies is DNA-topoisomerase I or TOP1 ([@bib13]). In early reports, the anti-SCL-70 autoantibodies were found to specifically recognise a 70 kDa protein fragment of TOP1, but later reports showed that it can also across-react with the 66--95 kDa protein fragments of TOP1([@bib13]). Thus, our results raised two important questions: (1) whether the novel TAA is a fragment of TOP1 and (2) whether the autoantibodies against the novel TAA are distinct from the anti-SCL-70 autoantibodies.

To answer the first question, we cloned and expressed four fragments of TOP1 according to its amino acid sequence (see the [Supplement Materials S2](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S2b](#sup1){ref-type="supplementary-material"}). We then used western blot analysis and the antibody capture ELISA to identify which fragments reacted with the rabbit antibody against the novel TAA, and compared the results with anti-SCL-70 autoantibodies. As shown in [Figure 5A and B](#fig5){ref-type="fig"}, the anti-SCL-70 autoantibodies recognised fragments of the TOP1 amino acid sequence 1--209, 192--415 and 410--558, while the rabbit antibody bonded to fragments of the TOP 1 amino acid sequence 410--558 and 559--765 ([Figure 5C and D](#fig5){ref-type="fig"}). On the one hand, the results showed that the novel TAA is a TOP1 fragment in the amino acid sequence 410--765. On the another hand, the results explained why the novel TAA reacted with the anti-SCL-70 autoantibodies as the rabbit antibody and the anti-SCL-70 autoantibodies both recognised fragments of the TOP1 amino acid sequence 410--558.

To answer the second question, we used the ELISA coated with the four recombinant TOP1 fragments (labelled fragments 1 to 4) to measure 20 serum samples from cancer patients who reacted positively to the novel TAA, 20 serum samples from scleroderma patients who were anti-SCL-70 antibody positive and 20 serum samples from healthy donors. As shown in [Figure 5E](#fig5){ref-type="fig"}, no significant differences were seen in the immune reaction to the fragments 2 and 3 when the scleroderma patients\' samples were compared with the cancer patients\' samples. However, significant differences were observed in the immune reaction to the fragments 1 and 4, where the immune reaction of the scleroderma patients\' samples was higher than the cancer patients\' samples in the case of fragment 1 (*P*=0.001), while the immune reaction of the scleroderma patients\' samples was lower than the cancer patients\' samples in the case of fragment 4 (*P*=0.017). [Figure 5E](#fig5){ref-type="fig"} also shows that the immune reaction of the scleroderma patients\' samples was significantly higher than that of the healthy donors with respect to the fragments 1, 2 and 3, but not to the fragment 4. By contrast, the immune reaction of the cancer patients\' samples was significantly higher than that of healthy donors to the fragments 2, 3 and 4, but not to the fragment 1. This not only demonstrated that the autoantibodies against the novel TAA in cancer patients were different from the anti-SCL-70 autoantibodies, but also suggested that the novel TAA amino acid sequence may include parts of fragment 2. Together with the western blot analyses (see [Figure 1C](#fig1){ref-type="fig"} and [Supplementary Figure S1b and c](#sup1){ref-type="supplementary-material"} and [Supplement Materials](#sup1){ref-type="supplementary-material"} original Wbs), we reasoned that the novel TAA amino acid sequence may be around 329--765 of the TOP1 protein with a molecular weight of approximately 48 kDa.

Finally, to test whether the anti-novel TAA autoantibody can equally recognise the TOP1 recombinant fragment and the chromatographically purified TOP1 fragment, we coated the microtiter plates with the TOP1 recombinant fragment with the amino acid sequence 329--765 and the chromatographically purified protein, respectively. We simultaneously measured and compared 180 serum samples from cancer patients and healthy donors. As shown in [Figure 5F](#fig5){ref-type="fig"}, the measurement results were found to be almost the same (regression coefficient *r*=0.9281). However, the affinity of the rabbit antibody against the novel TAA to the TOP1 recombinant fragment was significantly less than to the chromatographically purified protein ([Figure 5G](#fig5){ref-type="fig"}). This indicated that the novel TAA might have undergone a structural modification after being cleaved from the TOP1 molecule.

From the above results, we concluded that the novel TAA isolated from the ion exchange chromatography was a TOP1 fragment in the amino acid sequence 329--765. The autoantibodies induced by the novel TAA in cancer patients were distinct from the anti-SCL-70 autoantibodies, although the anti-SCL-70 autoantibodies could partially crossreact to the novel TAA. Hence, we named the novel TAA as 'TOPO48\' and the autoantibodies against the novel TAA as 'anti-TOPO48 autoantibodies\'.

Association of anti-TOPO48 autoantibody with early-stage carcinoma
------------------------------------------------------------------

To explore the clinic significance of the detection of anti-TOPO48 autoantibodies, we developed a special antibody capture ELISA coated with the chromatographically purified protein (see [Supplement Materials S3](#sup1){ref-type="supplementary-material"}).

To confirm the specificity of the special antibody capture ELISA, we pre-absorbed serums from the cancer patients with chromatographically purified protein before testing them with the ELISA. A discernable decrease of the signals in the ELISA after pre-absorption was found ([Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}). We also used immunoblot to further verify the specificity, and demonstrated that serums from the cancer patients reacted with the TOPO48 protein, while serums from health donors had no such reactivity ([Supplementary Figure S3b](#sup1){ref-type="supplementary-material"}).

We defined serum immune activity as U ml^−1^ when compared with the autoantibody calibrators. The calibrators were purified from the serum pool of cancer patients with an affinity chromatographic column bounded with the TOPO48 recombinant protein ([Supplementary Figure S3c](#sup1){ref-type="supplementary-material"}).

By using the special antibody capture ELISA, we found that the anti-TOPO48 autoantibody levels in NSCLC, GC, CRC and ESCC were significantly higher than those in the control patients (*P*=0.0001; [Figure 6A](#fig6){ref-type="fig"}). The median value of the anti-TOPO48 autoantibody levels in the healthy controls were 1.11 U ml^−1^ (range: 0.33--1.42). The median values of the anti-TOPO48 autoantibody levels in the early stages (I and II) of ESCC, GC, CRC and NSCLC were 1.52 U ml^−1^ (range: 0.78--2.62), 1.68 U ml^−1^ (range: 0.40--2.66), 1.57 U ml^−1^ (range: 0.52--2.74) and 1.64 U ml^−1^ (range: 0.63--3.54), respectively. The median values of the anti-TOPO48 autoantibody levels in the advanced stages (III and IV) of ESCC, GC, CRC and NSCLC were 1.31 U ml^−1^ (range: 0.55--2.55), 1.43 U ml^−1^ (range: 0.50--2.64), 1.53 U ml^−1^ (range: 0.52--2.81) and 1.45 U ml^−1^ (range: 0.40--2.46), respectively. The anti-TOPO48 autoantibody levels in the early stages were significantly higher when compared with those in the advanced stages for NSCLC and ESCC (*P*=0.022 and 0.001, respectively), but not for GC and CRC ([Figure 6A](#fig6){ref-type="fig"}).

To be considered anti-TOPO-48 autoantibody positive, the autoantibody concentrations in serums had to be greater than a cutoff point, which was defined as the maximum value of the control serum immune activity (1.42 U ml^−1^). Based on this criterion, as shown in [Figure 6B](#fig6){ref-type="fig"}, we found that the percentage of positive anti-TOPO48 autoantibody serums in the early stages of cancer was significantly higher than in the late stages: 61.8% *vs* 38.2% (ESSC), 69.0% *vs* 31.0% (GC), 72.3% *vs* 27.7% (CRC) and 67.6% *vs* 32.4% (NSCLC).

Finally, AUC values of the ROC analysis of autoantibody levels for early stage cancer patients versus healthy controls were 0.875 (95% CI=0.796--0.955), 0.847 (95% CI=0.727--0.967), 0.832 (95% CI=0.742--0.923) and 0.990 (95% CI=0.980--0.999) for ESCC, GC, CRC and NSCLC, respectively ([Figure 6C--F](#fig6){ref-type="fig"}).

Discussion
==========

In the present study, we discovered a novel TAA, which we named TOPO48. We determined that the novel TAA had a molecular weight of 48 kDa, and identified it as a fragment of TOP1 in the amino acid sequence 329--765. DNA-topoiomerase I is a nuclear enzyme that plays an essential role in alleviating topological stresses that arise during DNA replication and transcription. DNA-topoiomerase I *per se* is an autoantigen that induces anti-SCL-70 autoantibodies in scleroderma ([@bib20]) as well as other autoimmune diseases ([@bib15]; [@bib25]). However, anti-SCL-70 autoantibodies are not associated with the occurrence of cancer even if TOP1 is overexpressed in a wide range of cancers ([@bib17]), or if there is a temporal clustering of scleroderma and/or other cancers ([@bib29]; [@bib21]). Our results demonstrated that the autoantibodies against the novel TAA in cancer patients are not anti-SCL-70 autoantibodies. Although the anti-SCL-70 autoantibodies do have a partial crossreaction with the 1--229 amino acid sequence in the novel TAA, which corresponds to the 329--558 amino acid sequence in TOP1.

It is important to understand how the novel TAA emerged in cancer patients. It is unlikely that the 48 kDa fragment we found is an artificial product that was produced under a very low pH environment during the chromatographic separation process. For example, a single band of the 48 kDa fragment could always be detected in western blot with whatever rabbit antibody or autoantibodies in the cancer patient serums without undergoing the chromatographic separation process.

Studies have established that the disturbance of self-tolerance is a major mechanism for autoimmune diseases ([@bib22]). The immune responses against self-antigens that occur in cancer patients are most likely different from primary autoimmune diseases ([@bib28]). In addition to the loss of self-tolerance, the immune responses in cancer patients may be initiated by alterations in the tumour itself, which result in increased immunogenicity of the self-antigens ([@bib11]). These alterations include coding DNA mutations that can lead to new epitopes in expressed proteins, post-translational modifications with immunological relevance, and altered tissue specific expression patterns or levels that can lead to the exposure of antigens that are normally expressed solely in immuno-privileged sites ([@bib16]; [@bib27]; [@bib18]; [@bib28]; [@bib33]). Moreover, some studies have suggested that the cleavage of known nuclear and cytoplasmic proteins during apoptosis and/or the accumulation due to insufficient clearance of secondary necrotic cells may play a role in the immune responses of cancer patients ([@bib10]; [@bib31]).

TOP1 releases DNA topological stress during DNA transcription and replication through the formation of DNA--TOP1 complexes, transient cleavages and subsequent relegation of one strand of the DNA helix ([@bib7]). The formation of the complexes is potentially dangerous to cells leading to genomic instability and oncogenesis ([@bib24]). Thus, the level and stability of these complexes have to be strictly regulated in non-transformed cells by maintaining relatively constant enzyme levels, limiting the stability of the cleavable complexes through interactions with other proteins such as p53, and degrading the TOP1 protein by proteasomes ([@bib24]).

As discussed above, TOP1 is overexpressed in a wide range of cancers ([@bib17]). This overexpression may alter the proteasome-mediated degradation of enzymes in neoplastic cells since the enzymes are regulated differently than in normal or cancer cells ([@bib24]). In light of this and together with our findings in the present study, it is possible that the novel TAA is one of the TOP1 proteasome degradation products whose protein structures have been altered through unknown mechanisms after proteolysis. The alteration may trigger immune responses and the production of specific autoantibodies when cryptic determinants are revealed during tumour development and progression. However, further studies are needed to verify this hypothesis.

Nevertheless, in the present study, we revealed that the autoantibodies against the novel TAA are associated with early stages in ESSC, GC, CRC and NSCLC. The association with early stages and higher autoantibody positive rate suggest a potential clinical application for using the autoantibodies as an early diagnostic tool for ESSC, GC, CRC and NSCLC. The levels of the autoantibodies against TOPO48 were higher in the early stages than those in the advanced stages for ESCC and NSCLC, but not for GC and CRC. However, the percentage of anti-TOP1 autoantibody positive cases was higher in early stages than in advanced stages for all the four types of carcinoma. These results suggested that there were more early stage cancer patients having detectable humoral immune response to TOPO48 than advanced stage patients regardless of the tumour loads. Moreover, it remains uncertain whether the association with early stages also exists in other types of cancer. Therefore, more clinical studies with appropriate designs are necessary to determine the connection that the novel TAA has with other types of cancer. Finally, the association between the occurrence of the novel TAA and autoantibody production in early stages of cancer needs to be evaluated in prospective clinical studies.

It has been proposed that antibody-TAA binding may represent the end stage of the mechanism to initiate the destruction of cancer cells containing corresponding antigens by labelling the antigens for faster macrophage recognition and phagocytosis ([@bib35]). Direct binding of antibodies to the antigens can also block receptors associated with tumour cell proliferation and survival ([@bib35]). Autoantibodies can drive antigen uptake via dendritic cell Fc gamma receptors, lead to antigen cross-presentation and vigorous CD4+ and CD8+ T cell responses, and complement dependent cytotoxicity and natural killer cell-mediated antibody-dependent cellular cytotoxicity ([@bib6]). Thus, it should be interesting to explore in future studies whether the autoantibodies against the novel TAA are also involved in various host defense mechanisms that initiate the destruction of cancer cells, limit tumour growth and suppress metastasis.

Moreover, TOP1 is the sole cellular target for chemotherapeutic drugs of the camptothecin (CPT) family that stabilises TOP1--DNA complexes and increases DNA strand breaks and unstable RNA transcripts as well as incomplete DNA replications ([@bib30]; [@bib23]). DNA-topoiomerase I inhibitor drugs can be effective in some types of cancer ([@bib26]; [@bib32]). Accordingly, it is possible that the discovery of the novel TAA may lead to the development of new immune therapeutic agents that can improve patient survival, and at the same time reduce side effects caused by chemotherapeutic drugs.
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![**Discovery of a novel TAA by ion exchange chromatography, and serologic ELISA and western blot.** (**A**) Protein profiles of Q-Shepharose ion exchange chromatography stepwise eluted with gradient concentrations of phosphate. Sol 1=elution solution 1 (0.005 [M]{.smallcaps} PBS, pH=7), Sol 2=elution solution 2 (0.028 [M]{.smallcaps} Na~2~HPO~3~), Sol 3=elution solution 3 (0.05 [M]{.smallcaps} Na~2~HPO~3~), Sol 4=elution solution 4 (0.175 [M]{.smallcaps} Na~2~HPO~3~), Sol 5=elution solution 5 (0.3 [M]{.smallcaps} Na~2~HPO~3~), Sol 6=elution solution 6 (1.0 [M]{.smallcaps} Na~2~HPO~3~) and Sol 7=elution solution 7 (1.0 [M]{.smallcaps} H~2~PO~3~). The profile lines represent cell/tissue lysates of breast cancer cell line MCF-7 (\-\-\-\--), oesophageal squamous cell cancer (![](bjc2016369i1.jpg)), gastric cancer (![](bjc2016369i2.jpg)), colorectal cancer (![](bjc2016369i3.jpg)), non-small cell lung cancer (![](bjc2016369i4.jpg)) and breast cancer (![](bjc2016369i5.jpg)), respectively. The *y*-axis represents protein concentrations as measured by a BioRed protein kit at OD 630/405 nm, while the *x*-axis represents elution fractions collected every 3 ml. (**B**) The eluted fractions were screened by using an antibody capture ELISA with serum pools obtained from cancer patients or healthy donors. In the eluted fractions of 23--25 (69--74 ml) after adding elution solution 7, there was significantly higher immunoreactivity in the serums of cancer patients (![](bjc2016369i6.jpg)) when compared with the serums of healthy donors (![](bjc2016369i7.jpg)). (**C**) The left image shows chromatographically isolated proteins from fractions 12 (lane 2), 15 (lane 3), 18 (lane 4) and 24 (lane 5) that were subjected to 12% SDS--PAGE separation and stained with Coomassie brilliant blue. The right image shows the same SDS--PAGE that was electrctroblotted to PVDF membranes and immune blotted with 1 : 20 cancer patient serums. Molecular mass markers (kDa) are shown in lane 1.](bjc2016369f1){#fig1}

![**Determination of the novel TAA by a large clinical cohort study.** (**A**) The chromatographically isolated protein (fraction 24) was coated on microtiter plates. Immune reactivity of the isolated protein in individual serum samples from healthy donors and cancer patients or patients with benign tumours were measured by the antibody capture ELISA. Mean reactive value (OD 450/630 nm) of the healthy donors plus 2 s.d. was defined as a cutoff value (vertical short dash line). The numbers on the left side of each bar indicate how many patients of each type of cancer or how many healthy donors were involved in the study. (**B**) The positive prevalence (%) of immune reaction in each type of cancer when the cutoff value was used.](bjc2016369f2){#fig2}

![**Detection of expression and cellular location of the novel TAA by fluorescence immunostaining and immunohistochemistry.** (**A**) The expression and cellular location of the novel TAA in the MBA-MD-231 breast cancer cell line and acute leukaemia were examined by using fluorescence immunostaining with rabbit polyclonal antibody against the novel TAA. Original magnification at × 100. (**B**) The expression and cellar location of the novel TAA were detected by immunohistochemistry in various types of human carcinoma. Original magnification at × 200.](bjc2016369f3){#fig3}

![**Comparison of immunoreactivity of the novel TAA with several autoantibodies.** (**A**) Comparison of the immune activity against the purified novel TAA in serum samples from healthy controls (Con), cancer patients and patients with positive autoantibodies against CK19, cyclic citrullinated peptide (CCP), dermatomyositis (DM), islet cells, double-stranded DNA (dDNA), histamine, phosphatidylethanolamine (PE), ribosome, p53 and extractable nucleus (EN). The results represent the mean+s.e. for each group (\**P*\<0.001 as compared with controls). (**B**) Comparison of the immune activity of the autoantibodies against the novel TAA with the autoantibodies against RNP, SS-A, SS-B, Jo1, SM and SCL-70. The results represent the mean+s.e. for each group (\**P*\<0.001 as compared with healthy controls). (**C**) Comparison of the autoantibodies against the novel TAA with the anti-SCL-70 autoantibodies and the rabbit polyclonal antibody. The novel TAA (2 *μ*g ml^-1^, 50 *μ*l per well) was coated onto microtiter plates. 1 : 1000 dilution of the rabbit polyclonal antibody was incubated together with various concentrations of the anti-SCL-70 autoantibodies. The results represent the mean+s.e. for each group (\**P*\<0.001 as compared with controls without the anti-SCL-70 autoantibodies).](bjc2016369f4){#fig4}

![**Identification of the novel TAA as a fragment of human DNA-topoisomerase I.** (**A**) Western blot analysis of the anti-SCL-70 autoantibody reactions with four recombinant fragments of TOP1. (**B**) ELISA analysis of the anti-SCL-70 autoantibody reactions with four recombinant fragments of TOP1. The results represent the mean+s.e. for each group (\**P*\<0.001). (**C**) Western blot analysis of the rabbit polyclonal antibody reactions with four recombinant fragments of TOP1. (**D**) ELISA analysis of the rabbit polyclonal antibody reactions with four recombinant fragments of TOP1. The results represent the mean+s.e. for each group (\**P*\<0.001). (**E**) Comparison of serum immune reaction to recombinant TOP1 fragments among cancer patients, scleroderma patients and healthy donors. The immune reactions in the serums of the cancer patients and scleroderma patients are presented as percentages of mean+s.e. relative to the serums of the healthy controls for each fragment. The *P*-values indicate the comparisons of the immune reactions in serums between the cancer patients and the scleroderma patients to the each recombinant fragment. (**F**) One hundred and eighty serum (180) samples were collected from cancer patients, healthy donors and other non-cancer patients. Serum autoantibody against the recombinant TOP1 amino acid sequence 329--765 fragment and the chromatographically purified novel TAA were determined simultaneously, with the correlation being analysed using a linear regression technique. A strong correlation was observed (*y*=0.00062+0.844*X*, *r*=0.929, *P\<*0.0001). (**G**) Comparison of antibody affinity of the rabbit anti-novel TAA antibody to the recombinant TOP1 amino acid sequence 329--765 fragment and the chromatographically purified novel TAA. The results represent the mean+s.e. for each group (\**P*\<0.001).](bjc2016369f5){#fig5}

![**Association of the autoantibodies against the novel TAA with early-stage carcinomas.** (**A**) Serum levels of the autoantibodies against TOPO48 in healthy controls and patients with early and late stages of ESSC, GC, CRC and NSCLC were assessed by using the ELISA. Median levels of serum anti-TOPO48 autoantibody ranges are illustrated by box plot. The maximum value of the immune activity in the healthy controls was defined as a cutoff value (horizontal short dash line). The *P*-values indicate the comparisons of the immune reactions in serums between the early and late stages of each type of carcinoma. (**B**) Percentages of serum samples with positive TOPO48 autoantibody in early stages (I/II) and late stages (III/IV) of ESCC, GC, CRC and NSCLC. The cutoff point was defined as 1.42 U ml^-1^. The *P*-values indicate the comparisons of the percentage of serum samples with positive TOPO48 autoantibody between the early and late stages of each type of carcinoma. (**C--F**) ROC analysis for the autoantibody levels for healthy controls versus early stage NSCLC, GC, CRC and ESCC, respectively.](bjc2016369f6){#fig6}
